strated that a fully coupled state can be attained in potato mitochondria only when a purine nucleotide such as ATP is present, and, simultaneously, free fatty acids (FAs) are absent. A hydrophobic, 32-kDa-protein was isolated, similar in all respects to the mammalian uncoupling protein (UcP) of brown adipose tissue mitochondria (1) . Thus, as in the brown adipose tissue, the site of mammalian nonshivering thermogenesis, mitochondria from certain plant tissues may contain a protein that allows for regulated uncoupling (2), and consequently for overall regulation of oxidative phosphorylation and heat production (1) . In the first reconstitution experiments with PUMP (1), it was shown that its incorporation into liposomes led to H ϩ transport that was inhibited by ATP and GTP. In this respect, PUMP was found indistinguishable from the mammalian UcP.
Further studies using potato mitochondria have shown that FAs interact directly with PUMP, since they induce an H ϩ -dependent swelling in potassium acetate medium in the presence of valinomycin (2). A purine nucleotide-sensitive transport of hexanesulfonate was also demonstrated. Interestingly, PUMP was not able to conduct significant amounts of pyruvate or Cl Ϫ (2), indicating that it is selective for more hydrophobic unipolar monovalent anions. Taken together, all these results suggest that PUMP and UcP (3-6) might function by the same mechanism. Both proteins facilitate the uniport of amphiphilic anions, including fatty acids. This should lead to uncoupling by the FA-cycling mechanism (7), as suggested by Garlid et al. (6) for UcP. This mechanism is based upon a natural ability of protonated FAs to cross the membrane at fast rate (8) , and thus carry H ϩ . If a membrane protein possesses the ability to mediate uniport of anionic FAs, then they must undergo cycling, alternating between protonated and anionic forms. The overall cycle leads to uncoupling of mitochondria (6) .
Evidence for the UcP-mediated FA cycling was provided by the following findings (3-6): (i) nontransportable substrate analogs (i.e. anions which are not translocated but which competitively inhibit transport) were never found for UcP (3) (4) (5) (6) 9) and, consequently, no external translocation sites can be detected; (ii) UcP transport substrates, such as long-chain alkylsulfonates (which are fully dissociated at neutral pH), are unable to induce an H ϩ flux in the proteoliposomes containing UcP (6), but they competitively inhibit the FA-induced H ϩ transport (4, 6); (iii) FAs inhibit the Cl Ϫ and alkylsulfonate transport (4 -6); and (iv) "inactive FAs," which are unable to flip-flop across the lipid bilayer but still partition into the membrane, do not induce H ϩ transport in the UcP-containing vesicles, do not inhibit Cl Ϫ uniport via the reconstituted UcP, and are not transported by UcP as anions (9) .
In this study, we use the reconstituted system to evaluate whether a mechanism of transport similar to that suggested for UcP could also be valid for PUMP. In particular, we investigate, whether PUMP is able to conduct anionic fatty acids.
EXPERIMENTAL PROCEDURES
Artificial and natural FAs were from Fluka (Switzerland) or Sigma, undecanesulfonate was from Lancaster (UK), hydroxylapatite from BioRad, PBFI and SPQ were from Molecular Probes. Reconstitution was carried out using materials as described elsewhere (4 -6) .
PUMP Isolation-Potatoes and tomatoes were obtained in a local market. Mitochondria were isolated by differential centrifugation in a medium of 250 mM sucrose, 10 mM K-MOPS, 1 mM Tris-EGTA, pH 7.4 (10), routinely containing 1% BSA. The acidic tomato homogenate was neutralized immediately by KOH. Extraction was performed by suspending mitochondria (60 mg of protein) in 2.5 ml of 50 mM TEA 2 -SO 4 , 20 mM TEA-TES, pH 7.2 ([TEA] ϭ 6.6 mM), 0.2 mM Tris-EDTA, containing 4.5% octylpentaoxyethylene, while stirring for 30 min at 0°C. The extract was spun at 100,000 ϫ g for 30 min (Beckman L8-M), and then the supernatant was applied to a spin-column containing 3 g of hydroxylapatite, prewashed with the "elution medium" (30 mM TEA 2 -SO 4 , 5 mM TEA-TES, pH 7.2 ([TES] ϭ 1.66 mM), 0.2 mM Tris-EDTA). The paste was incubated for 45 min at 5°C and then centrifuged at 2000 rpm for 2 min. A step-wise elution (1 ml per step) (11) yielded the diluted first fraction and three additional fractions containing approximately 0.1 mg of protein/ml. All four fractions contained the 32-kDa PUMP protein.
PUMP Reconstitution-Isolated PUMP and PBFI or SPQ were added to lipid/octylpentaoxyethylene micellar solution, and the detergent was removed using Bio-Beads SM2 (Bio-Rad). The external probe was washed out using Sephadex G-25-300 (11) . Transport in proteoliposomes containing one of the fluorescent indicators PBFI (12) or SPQ (13) was detected using a Hitachi model F-4010 fluorometer (Hitachi, Japan). FAs were added directly to the assay medium as microliter aliquots of the stock solutions in ethanol.
PBFI Detection of Anion Uniport-PBFI fluorescence is enhanced by [K ϩ ] and can be used to monitor the uptake of K ϩ that accompanies uptake of anionic FA. Thus, addition of K ϩ ionophore valinomycin (1.3 M) was used to initiate a net charge flux (the influx of FA anion) together with the return of protonated FA in proteoliposomes containing PUMP. In other experiments, the net influx of alkylsulfonates was detected in the same way. Fluorescence records were transformed into "K ϩ traces" using calibration curves (12) 4 and 300 M PBFI. Vesicles (25 l) were added to 1.475 ml of 75 mM K 2 SO 4 , 75 mM TEA-TES, pH 7.2, or to mixtures of the external and internal medium to vary the K ϩ -diffusion potential. Vesicle volume was estimated as described previously (6) .
"SPQ Quenching" Method for Measuring Net H ϩ Efflux or InfluxThe method is based on the quenching of SPQ fluorescence by the TES Ϫ anion, but not by neutral TES (13) , and was employed to monitor the internal acidification that results from FA's flipping to the internal lipid leaflet. Alternatively, SPQ served as an indicator of the internal alkalinization resulting from the valinomycin-induced uptake of anionic FAs and the concomitant H ϩ efflux. Vesicles (25 l) containing 84.4 mM TEA-SO 4 , 28.9 mM TEA-TES, pH 7.2 ([TEA] ϭ 9.2 mM), and 0.6 mM Tris-EGTA, were added to external medium (1.475 ml) containing 84.4 mM K 2 SO 4 , 28.85 mM TEA-TES, pH 7.2, ([TEA] ϭ 9.2 mM), and 0.6 mM Tris-EGTA. PUMP-mediated FA cycling was initiated by adding 1.3 M valinomycin. Calibration curves were constructed by adding KOH stepwise in the presence of nigericin (6, 13) .
Analysis of Flux-Voltage Characteristics-According to the Eyring theory (14, 15) , the movement of an ion across a single energetic barrier (a sharp peak) depends exponentially upon the applied voltage. Garlid et al. (16) have developed a simplified description of flux-voltage characteristics, which is valid at higher potentials and relates a net ion flux J with the reduced voltage, u
where parameter ␤ describes the degree of nonlinearity and its value reflects the particular energetic barrier model; u ϭ ϪzF⌬⌿/RT, where the terms have their usual meanings; P is the permeability coefficient, and C 1 is the concentration of species in the membrane/water interface at the cis-side. Linearization of Equation 1 yields the simple expression (in the case of an anion with z ϭ Ϫ1)
It has been shown that for a single-sharp-peak barrier, ␤ ϭ 0.5 and this was experimentally found for tetramethylammonium ion permeation (16) and for SCN Ϫ influx 2 into liposomes; for the extreme case of a "smoothed multiple barrier," ␤ approaches 0.16, the value for a rectangular barrier, thus giving nearly linear (ohmic) J-⌬⌿ characteristics. Interestingly, in the case of two sharp barriers with an energy well (an internal binding site) in the middle, this theory predicts that ␤ ϭ 0.25, and this was indeed found for Cl Ϫ uniport via UcP (17), in which the existence of an internal anion binding site was documented (3) (4) (5) (6) 11) .
The experimental approach based on creation of a K ]. However, since the same interference is expected in each case, a flux-voltage analysis derived from the experimental data can be valuable for comparing different translocated ions. In addition, this analysis allows one to determine permeability coefficients P, calculated by extrapolating flux-voltage data to zero voltage, where J 0 ϭ P⅐C 1 (in nmol⅐s
Ϫ1
) and using theoretical values for surface area (lipid packing 70 Å 2 per molecule). In the presence of 3.3 mM Na-ATP (B, ϩATP) or 4 mM Na-GDP (C, ϩGDP), the H ϩ efflux was inhibited by 49 and 35%, respectively. Inhibition by external Na-ATP was also tested on a separate preparation of proteoliposomes loaded with 5 mM Na-ATP (top trace, ϩATP in&out, initial part not shown), where addition of 5 mM ATP inhibited completely. The fourth trace from the top was measured with 66 M heptylbenzoic acid (C 7 Bz). The two bottom traces illustrate the inability of phenylvaleric acid (PheC 5 ) to induce a significant PUMP-mediated H ϩ efflux. The observed slow rate was equal to the basal H ϩ flux in the presence of 0.4% BSA (ϩBSA). In the latter case, only ethanol (EtOH) was somes containing cardiolipin was able to mediate a net uptake of anionic FAs and alkylsulfonates as indicated by the fluorescent K ϩ probe, PBFI. PUMP was able to translocate anionic forms of linoleic acid (Fig. 1A) , stearic and heptylbenzoic acid, but not phenylvaleric or abscisic acid (not shown). Undecanesulfonate and, at 10-fold higher concentration, hexanesulfonate were also translocated, but not Cl Ϫ (Fig. 1B) . With both potato and tomato PUMP, all these transport activities were inhibited up to 50% by externally added ATP (Fig. 1A) and GDP, indicating that 50% of the PUMP molecules are oriented with the nucleotide binding site outward. In proteoliposomes loaded with 5 mM Tris-ATP, addition of 5 mM ATP to the external medium inhibited by 70%. The remaining flux represented the leak. Consequently, the overall inhibition with ATP present both externally and internally was 80 -90% (Fig. 1A) .
RESULTS

Translocation of Alkylsulfonates and Anionic Fatty Acids by PUMP-Purified
H ϩ Transport in Proteoliposomes Containing PUMP-The SPQ probe, in combination with TES, provides a sensitive system for the measurement of H ϩ fluxes. In accordance with Kamp and Hamilton (8) and Garlid et al. (6) , we show ( Fig. 2A ) that the addition of linoleic acid to protein-free liposomes causes an internal acidification concomitant to a flipping of FA to the inner lipid leaflet and subsequent dissociation of H ϩ into the vesicle interior. When valinomycin is added, no significant H ϩ movement occurs ( Fig. 2A) . This demonstrates an important property of prepared vesicles. They must be tightly sealed, having membranes with a low H ϩ permeability. In contrast, when proteoliposomes containing potato (Fig. 2B ) or tomato PUMP (Fig. 2C) are used, the addition of valinomycin after FA induces a purine nucleotide-sensitive H ϩ efflux. Note that the addition of linoleic acid to the proteoliposomes caused similar acidification of the interior, as it did in liposomes. External ATP inhibited the linoleic acid-induced H ϩ efflux by 94%, when proteoliposomes were loaded with 5 mM Na-ATP (Fig. 2B) . This accounts for the overall 97% inhibition by external plus internal ATP. The dose-response curve for externally added ATP (not shown) yielded an apparent K i of 1.5 mM at pH 7.2, a value comparable to the K i (0.8 mM) for ATP inhibition of H ϩ -dependent swelling of potato mitochondria in the presence of FA (2).
The H ϩ efflux was induced only by FAs that were able to acidify the liposome interior (Fig. 2B ) and were translocated in the anionic form as indicated by the PBFI probe. Besides linoleic acid, this was observed with stearic and heptylbenzoic acid, but not with phenylvaleric or abscisic acid. Although the latter FAs exist in a dissociated form, they were unable to flip-flop in the lipid bilayer, as indicated by the lack of liposome acidification ( Fig. 2A) . Being unable to flip-flop, they did not promote H ϩ efflux (Fig. 2B) or the anion transport activity (see above) in vesicles containing PUMP. As reported before (6), undecanesulfonate was unable to acidify the vesicles' interior, nor did it induce an H ϩ efflux after the addition of valinomycin (Fig. 2C) Fig. 3 ) was obtained for linoleic acid when the basal rates obtained in the presence of BSA were subtracted, and in this case V max reached 1.4 -1.5 mM⅐s Ϫ1 at 135 mV. The kinetics of undecanesulfonate uniport exhibited a lower K m , 18 M at 187 mV and 16 M at 135 mV without corrections, increasing to 64 M and 59 M, respectively, with corrections ( Fig. 3) . In this case the V max values were lower: 0.5-0.6 mM⅐s Ϫ1 at 187 mV and 0.24 mM⅐s Ϫ1 at 135 mV (15-18 and 7.3 mol⅐min Ϫ1 ⅐mg of protein Ϫ1 , respectively). The kinetics of heptylbenzoic acid-induced H ϩ transport (Fig. 3 , SPQ detection) exhibited much higher values: a K m of 504 M and V max of 1.48 mM⅐s
Ϫ1
, or 44 mol⅐min Ϫ1 ⅐mg of protein Ϫ1 . The lowest apparent affinity for PUMP was found for hexanesulfonate uniport (K m between 7 and 10 mM and V max of 0.3-0.5 mM⅐s Ϫ1 at 180 mV).
As a PUMP substrate, undecanesulfonate was also able to inhibit the FA-induced H ϩ efflux in proteoliposomes containing PUMP. The inhibitory constant K i (around 92 M, Fig. 4 ) was slightly higher than the K i for inhibition of UcP-mediated transport (6) . Preincubation with undecanesulfonate was required to obtain reproducible results. The observed inhibition may reflect a competition of undecanesulfonate and linoleate at a hypothetical internal FA binding site of PUMP. One factor added prior to valinomycin. In addition, the bottom trace in panel C demonstrates the inability of 66 M undecanesulfonate (C 11 SO 3 Ϫ ) to acidify the interior of proteoliposomes containing potato PUMP and to induce an H ϩ efflux after the addition of valinomycin. Changes in internal pH were indicated by the SPQ probe in combination with TES buffer (13 that may artificially enhance the inhibition is the negative surface charge that is created by the added alkylsulfonate due to its inability to flip-flop. This charge would not be present with FA alone. Its presence can be inferred from the effect of 100 -400 M undecanesulfonate, which partially suppressed the initial acidification of the proteoliposome interior upon addition of FA. However, since addition of KOH in the presence of nigericin results in alkalinization of the vesicle interior even with 366 M undecanesulfonate present, it is unlikely that the surface charge effect obstructs inhibitory dose responses. Moreover, the kinetics of H ϩ efflux in proteoliposomes containing PUMP measured at various undecanesulfonate concentrations showed a pattern that is typical of specific inhibition (Fig. 5) . The scatter of the data did not allow us to determine precisely the nature of the inhibition, but it was possible to fit the data using a model for competitive inhibition (Fig. 5, solid lines) (Fig. 6A ) and heptylbenzoic acid (not shown) increased exponentially with the applied voltage (K ϩ diffusion potential, ⌬⌿). An identical exponential dependence was obtained, independently of whether PBFI or SPQ was used (Fig. 6A) . Linearization of the flux-voltage characteristics for linoleic acid using Equation 2 (Fig. 6, insets) yielded a slope (␤) of 0.85 when the probe was PBFI, 0.75 when the probe was SPQ, and 1 for heptylbenzoic acid (SPQ probe). The rates of undecanesulfonate and hexanesulfonate uniport via PUMP also increased exponentially with ⌬⌿ (Fig. 6B) , but linearizations yielded lower slopes, 0.35 and 0.36, respectively.
The H ϩ permeability coefficients for proteoliposomes containing PUMP in the presence of linoleic acid were 4.5.10
Ϫ2
cm⅐s
Ϫ1 when PBFI was used and 5.8.10 Ϫ2 cm⅐s Ϫ1 when SPQ was used. These values are two orders of magnitude higher than the coefficients for the basal H ϩ permeability of lipid bilayer measured in liposomes (18) . For the transport of alkylsulfonates at zero ⌬⌿ permeability coefficients of proteoliposomes were even higher (see legend to Fig. 6B ).
DISCUSSION
We have demonstrated the ability of the PUMP to interact with FAs and conduct monovalent unipolar amphiphilic anions, such as alkylsulfonates. The mutual competition between FAs and alkylsulfonates (Figs. 4 and 5) (2) and induction of H ϩ transport exclusively with FAs having the ability to flip-flop across the lipid bilayer in a protonated form, suggest that PUMP conducts FA anions and, consequently, allows for FA cycling, which leads to uncoupling (6) . PUMP is the third example of an integral membrane protein possessing this ability, besides the mammalian uncoupling protein UcP (6) and the ADP/ATP carrier (19, 20) .
Although discovered recently (1), PUMP is now well characterized functionally. Similarly to the mammalian UcP, PUMP does not act as an H ϩ conductor, but ensures the uniport of fatty acids and long-chain amphiphiles in a process that is inhibited by purine nucleotide di-and triphosphates. However, PUMP exhibits a much lower affinity toward nucleotides than does UcP (2). Contrary to UcP, PUMP is unable to conduct small hydrophilic anions such as Cl Ϫ . Indeed, Cl Ϫ flux via PUMP is nearly zero, since no transport was observed even at 150 mM Cl Ϫ (the rates were equal to the basal rates in the presence of BSA). This may reflect limited access of Cl Ϫ to a hypothetical intramembraneous FA (anion) binding site.
The existence of such a site is suggested by the fact that PUMP exhibits higher affinities for more hydrophobic substrates, linoleate and undecanesulfonate (lower K m values for their uniport) and lower affinities for less hydrophobic hexanesulfonate and heptylbenzoate (higher K m values for uniport). Note, for example, that heptylbenzoic acid, as a medium-chain FA, should cross the membrane faster than linoleic acid, as observed in liposomes (Fig. 2A) . Its partition coefficient is no lower than that for linoleate, since the extent of acidification of the vesicles' interior upon addition of heptylbenzoic acid is even higher than for linoleic acid (Fig. 2A) . Nevertheless, its affinity for PUMP is lower, suggesting that a rate-limiting step is imposed by the PUMP-mediated transport of FA. The existence of the anion binding site of PUMP is also implied by the mutual competition between FAs and alkylsulfonates (Figs. 4 and 5) (2). Such competition has been documented for the mammalian UcP by numerous kinetic (4, 6) , binding (21) , and photoaffinitylabeling experiments (5, 22) .
The FA cycling mechanism for PUMP is suggested by phenomena similar to those found for UcP (6) . Thus, both FAs and alkylsulfonates exhibit a net charge transfer. However, undecanesulfonate, having a pK a around 2, cannot be protonated at pH 7.2, and cannot flip across the lipid bilayer to acidify the vesicles' interior (6) . Also, in contrast to FA, it does not induce H ϩ transport in proteoliposomes containing UcP (6) or PUMP (Fig. 2C) . Since FAs such as linoleic acid do induce H ϩ transport in proteoliposomes, we conclude that this is due to their ability to flip-flop across the lipid bilayer in a protonated form. This conclusion was confirmed by the experiments with socalled "inactive" FAs which are unable to flip-flop, but retain the ability to partition into the membrane (9) . For example, phenylvaleric acid did not acidify the lumen of liposomes or proteoliposomes (Fig. 2, A and B ), did not induce significant H ϩ transport in proteoliposomes (Fig. 2B ) and did not exhibit charge transfer. The analog, heptylbenzoic acid, was able to flip-flop ( Fig. 2A) and exhibited both H ϩ transport and the charge transfer in proteoliposomes (Fig. 2B) .
The K m values for FA uniport (FA cycling) were similar to those found for the mammalian UcP (6) . When expressed in terms of total concentrations added to the bulk medium, the K m values reflect an overall sequence of events: partitioning into the membrane, binding to the internal FA binding site, and the kinetics of flip-flop. Based on the partition coefficient of 100,000 for linoleic acid (23) , at a total concentration of 50 M, it will be distributed with 0.56 M free in solution and 49.44 M in the membrane. If 100% insertion of PUMP is assumed, the molar ratio of linoleic acid to the dimeric PUMP is 11. Since the observed K m is well above the critical micellar concentration (13 M) for linoleic acid in water (24), micelles will be formed when it is first added, but they will disappear immediately after its partitioning into the bilayer. Consequently, FA is embedded in the membrane before it can interact with PUMP.
We have also documented that FA-induced H ϩ transport and alkylsulfonate uniport depends exponentially on membrane potential, ⌬⌿, as predicted (16) and as found for Cl Ϫ uniport via UcP (17) . Note that a linear (ohmic) J-⌬⌿ characteristic was found only for the uncoupler-mediated H ϩ transport (25) . The linearized J-⌬⌿ characteristics obtained for alkylsulfonate uniport via PUMP yielded slopes around 0.35, which are close to the value found for Cl Ϫ uniport via UcP. Bearing in mind possible interfering effects (see "Experimental Procedures"), we cannot determine whether the data are compatible with an existence of an internal anion binding site. 4 Also, the J-⌬⌿ characteristics for PUMP-mediated H ϩ transport induced by FAs differ from the characteristics reported in the literature. 5 In this case, additional effects might interfere, such as preequilibration of FA in both leaflets of the lipid bilayer, increasing background flux with ⌬⌿ and other phenomena which will 4 Hydrophobicity of alkylsulfonates or capacitance effects might contribute to a slightly higher value of slope (␤) when compared with Cl Ϫ uniport via UcP (17) . 5 This is not an argument against a common transport pathway for FAs and alkylsulfonates, which is supported by their mutual competition and common ATP inhibition. Rather, the interfering effects might be stronger with FA, since higher slopes of linearizations of the J-⌬⌿ plots were also found for UcP (P. Jezek, unpublished data) for which the common pathway was demonstrated. tend to exaggerate the ⌬⌿ dependence and increase the slope ␤.
Having suggested a mechanism of PUMP function, we can propose some of the consequences for plant mitochondria that have this protein. As found for thermogenic brown fat in mammals (26) , regulated uncoupling should lead to the release of heat. The question of whether this heat production is the primary function of PUMP, or whether modulation of oxidative phosphorylation is the primary one must be resolved in further studies. Our findings of active PUMP in the ripe (red) tomatoes and in potato tubers suggest a role for regulated uncoupling during fruit ripening, senescence, and seed dormancy. Mitochondria in fruits play their role until the final stages of ripening (27, 28) , and in storage tissues during the whole lifetime. A regulated uncoupling promoted by PUMP could be the primary cause of the climacteric rise in respiration (29) , known since 1925 (30). Ethylene (C 2 H 4 ), a natural ripening hormone, was recently shown to initiate these marked biochemical changes in climacteric fruits (31) , including tomato, banana, mango, avocado, pineapple, and pome fruits. The respiration burst in these fruits has been traditionally explained as a function of the alternative oxidase (32) (33) (34) (35) , the expression of which has been found to increase during ripening (36) . If PUMP was active in the climacteric fruits, storage tissues, and other plant organs, their mitochondria would posses a fine control of oxidative phosphorylation, not only by eliminating H ϩ pumping when switching to alternative oxidase, but also by shortcircuiting the H ϩ pumping, i.e. also by protonmotive force consumption.
